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ABSTRACT 
The formation of carbon-carbon (C-C) and carbon-nitrogen (C-N) bonds is 
discussed and efforts towards expanding the known reactions of this type are the 
primary focus of this work. The iron-catalyzed arylation of aromatic heterocycles, 
such as pyridines, thiophenes and furans has been achieved. The use of an imine 
directing group allowed for the ortho-functionalization of these heterocycles with 
complete conversion in 15 minutes at 0 °C. Yields up to 88% were observed in the 
synthesis of 15 heterocyclic biaryls. C-N bond formation is achieved using aryl 
Grignard reagents and N-chloroamines at -78 °C. 
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PREFACE 
The following work is presented in manuscript format according to the 
guidelines presented by the University of Rhode Island Graduate School. The thesis 
will consist of two manuscripts. 
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CHAPTER 1: INTRODUCTION 
Sustainable chemistry might seem like a contradictory term; however this is 
the only way we can continue to provide the ability to generate the compounds we 
need as a society on a large scale without damaging our environment, diminishing our 
resources, or compromising the health of future generations. Consequently, green 
chemistry is a growing field that has quickly generated a lot of interest. The 
applications of these practices to synthetic chemistry are highly desirable. 
Many physical transformations exist for the modern synthetic chemist. In 
particular, the formation of new carbon-carbon (C-C) bonds is quite literally the 
backbone of organic chemistry. Developing and understanding these C-C forming 
reactions has always been at the forefront of chemical synthesis. Some traditional 
methods to create these bonds include Grignard reagents
1
, organocuprates
2
, 
organolithium reagents
3
, and Wittig type reactions.
 4
 
More recently over the past few decades several metal-catalyzed cross-
coupling methods have been developed
5
; including the Suzuki-Miyaura, Stille, Heck, 
Negishi, Kumada, and Sonogashira coupling reactions (Scheme 1.1). These reactions 
have shown great promise for expanding the organic chemists’ tool box and providing 
robust methods to obtain a variety of products.  
One major downfall of these methods is the need to pre-functionalize the 
starting compounds in order to obtain both the substituted halides and organometallic 
reagents required for each reaction to occur. The generation of hazardous waste has 
always been a concern to the environmentally conscious chemist. These extra steps 
inherently generate more waste, result in a lower atom economy, and consume more 
2 
 
resources than would be necessary if the product could be synthesized in a more direct 
way. 
Scheme 1.1. Modern Cross-Coupling Reactions 
 
 
 
3 
 
 
This is the driving concept behind carbon-hydrogen (C–H) bond activation. A 
C–H bond can be directly substituted to form C–C and C–heteroatom bonds without 
prior functionalization at the reacting carbons or heterocyclic centers. Although 
sometimes directing groups (such as imines, carbonyls, or carboxylic acids) are 
required
6
, usually these can still be used for further substitution, or in some cases 
easily removed. 
The activation of C–H bonds provides one excellent remedy to the 
aforementioned environmental problem; but additional efforts can be made to increase 
the overall “greenness” of a reaction. The first and easiest alternative is to use “green 
solvents” such as water, 2-methyltetrahydrofuran, or cylcohexane instead of more 
undesirable solvents like dichloromethane, benzene, and hexanes. The real challenge 
lies in variations of the reagents themselves and their role in the reaction mechanism 
(catalytic vs. stoichiometric). The majority of research in the field of C–H activation 
has focused on catalysts with relatively easy to understand mechanisms like 
palladium. More recently work has revolved around the use of cheap, non-toxic 
transition-metal catalysts to promote these same desired reactions through “green” 
methodology. 
Our primary interest was to work exclusively with iron catalysts to develop 
novel methods for C–C and C–N bond formation through the C–H activation pathway 
in particular. We chose to work with iron due to its low toxicity and availability. There 
was also precedent set by Nakamura that demonstrated the ability of iron to activate 
4 
 
the C–H bond. 7 Nakamura’s pioneering work involved the nucleophilic displacement 
of a hydrogen atom ortho- to a nitrogen-containing directing group (Scheme 1.2) 
 
Scheme 1.2. First Example of C–H Activation via Iron 
 
The reaction in Scheme 1.2a shows a hindered system that is sterically fixed 
for the C–H activation of only one carbon in α-benzoquinoline. The reaction of 
5 
 
various substituted substrates gives insight to the limitations of this system. When 
these reaction conditions are applied to a substrate with two equivalent hydrogens, like 
in the case of 2-phenyl pyridine, then a mixture of products is obtained (Scheme 1.2b). 
Increasing steric hindrance at the ortho- position on the phenyl ring decreases the 
product yield (Scheme 1.2c and 1.2d). Interestingly, when a methyl substituent is 
added to the 3-position on the phenyl group the mono-arylated product is formed 
exclusively (Scheme 1.2e). These results can be attributed to steric hindrance.  
Scheme 1.3 shows that Grignard reagents bearing both electron donating and 
electron withdrawing substituents are readily coupled with this methylated 2-
phenylpyridine in good yields over 36 hours. The exception to these is the ortho-tolyl 
Grignard reagent which afforded no product, reinforcing the important role of steric 
restraints on this catalytic system. 
Scheme 1.3. Scope of Grignard arylation on 2-phenylpyridine 
 
6 
 
These initial findings showed that iron could be used for C–H activation and 
provide arylated products under mild conditions, although long reaction times and 
large equivalents of Grignard reagents are necessary. The scope of the reaction shows 
the tolerance of electronic effects on the Grignard reagent and the influence of the 
steric environment around the hydrogen leaving group. Both electron donating, t-butyl 
and methoxy substituents, and electron withdrawing fluorine substituents on the 
Grignard reagent are tolerated. These are key concepts that must be considered when 
attempting to develop more iron-catalyzed reactions. 
The ability to use an imine as a directing group instead of the pyridine ring 
allows for subsequent hydrolysis, and yields the product with the carbonyl suitable for 
further functionalization
8
 (Scheme 1.4).  
Scheme 1.4. Directed C–H activation   
 
However, the use of an organozinc reagent to generate the active 
transmetalating complex is still necessary. This system is not limited to aromatic 
hydrogens, and has been shown to effectively arylate sp
2
-hybridized olefins
9
 and sp
3
-
hybridized
 
carbons.
 10
 Carbon–nitrogen (C–N) bond formation is possible if primary 
amines are converted into an organozinc species.
 11 
The Grignard reagent can also be 
generated in situ, with excellent yields.
 12
 Eventually it was discovered that the 
7 
 
reaction can proceed without the use of organozinc reagents
13
 and it has also been 
shown that oxygen can be used as an oxidant.
 14
 The decrease in metals required 
results in a higher atom economy; and the use of oxygen is considered 
environmentally friendly. Further manipulation of the directing group allows for an 
increase in the product scope of these reactions up to a gram scale
15, 16
 (Scheme 1.5). 
 
Scheme 1.5. Gram Scale Reaction 
 
Another example of C–N bond formation is possible using this quinoline 
directing group.
 17
 The incorporation of deuterium was demonstrated, which suggests 
the oxidative addition of the iron species into the original C–H bond of interest 
(Scheme 1.6). 
Scheme 1.6. Carbon–Nitrogen Bond Formation via C–H activation 
 
8 
 
 The variations of this initial system have been significantly manipulated and 
expanded to allow for substantial coupling reactions to occur predictabley and 
reliably.
 18
 The result is a process that affords aryl-aryl, alkenyl-alkenyl, alkenyl-aryl, 
and (hetero)aryl-aryl coupling. A final testament to the future of iron-catalysis and its 
abilities is the iron-catalyzed Suzuki-Miyaura coupling of alkyl halides with aryl 
boronic esters.
 19
 
Using this scaffold, we applied similar conditions and continued to employ the 
imine directing group to successfully perform C–H activations resulting in the 
substitution of a variety of heterocycles using an iron catalyst. The focus on 
heterocycles is imperative and highly desirable because almost all biologically active 
compounds and pharmaceuticals produced on an industrial scale contain some type of 
heteroatom with aromatic substituents. The scope and limitations of this reaction are 
discussed further in Manuscript 1. 
New C–N bond formation reactions are in high demand due to the prevalence 
of these bonds in almost all pharmaceutical products. These bonds are traditionally 
formed through Buchwald-Hartwig type reactions
20, 21 
(Scheme 1.7). 
 
Scheme 1.7. Buchwald-Hartwig Reaction 
 
 
As previously mentioned, the goal of the work presented herein is to eliminate 
the dependence on expensive metals, especially palladium catalysts. Variants of the 
9 
 
Buchwald-Hartwig reaction are still being investigated, and palladium still plays a 
dominant role in these reactions.
 22
 Fortunately, we are not alone in trying to move 
away from this reagent. Recent work by several groups shows a promising future for 
C–N bond formation using less toxic transition metals such as copper and cobalt. 
The most common methods for C–N bond formation through C–H activation 
pathways are only accessible through an intramolecular pathway performed with 
palladium or copper catalysts.
 23, 24
 An alternative method to these types of reactions 
was proposed by Glorius and coworkers which described a C–H activation mechanism 
using an N-pivaloyloxy amide directing group with chloroamines
25
 (Scheme 1.8). 
  
Scheme 1.8. C–N Bond Formation via C–H Activation 
 
When C-H bond activation is not possible, the use of prefunctionalized 
compounds is often necessary to obtain the desired products required. N-chloroamines 
are commonly used in association with aryl organometallic reagents. In some cases 
stoichiometric zinc is used with catalytic amounts of cobalt or copper.
 26
 Generation of 
an aryl-zinc species through cobalt-catalyzed arylation has been shown to produce the 
desired aryl-amine product in high yields with good functional group tolerance. 
(Scheme 1.9) 
 
 
10 
 
Scheme 1.9. Metal-Catalyzed C–N Bond Formation 
 
 
Scheme 1.10. Recent Examples of Copper-Catalyzed C–N Bond Formation 
 
The weakness of the nitrogen-oxygen bond has been exploited using O-acyl 
hydroxylamine derivatives as leaving groups in the copper-catalyzed electrophilic 
11 
 
amination of diorganozinc reagents to form substituted amines
27
 (Scheme 1.10a). 
Alkyl-alkyl bond formation is achieved using copper catalysts with these 
functionalized amines through a hydroamination mechanism
28
 (Scheme 1.10b) and 
direct amination is possible on highly electron deficient arenes and azoles
29
 (Scheme 
1.10c). 
One of the more interesting amination reactions is a transition-metal free 
electrophilic amination using aryl-Grignard reagents and N-chloroamines. This is 
achieved using TMEDA as an additive although high equivalents are needed to drive 
the reaction to completion
30
 (Scheme 1.11). 
Scheme 1.11. Transition-Metal Free C–N Bond Formation 
 
Our attempts to repeat and expand on the above method began with 
experiments using iron-catalysts. Preliminary studies showed that the reaction could 
proceed at room temperature, resulting in low yields, without any catalyst using N-
chloroamines and Griganard reagents. We found that the reaction seemed to work 
much better at 0 °C in the presence of several iron salts. High throughput screening of 
additives and both dinitrogen and diphosphine ligands at 0 °C resulted in a moderate 
increase in yield. We maintained this catalytic system and decided to lower the 
temperature to prevent unwanted side products. We were initially delighted to 
12 
 
discover that a decrease in temperature to -78 °C resulted in an excellent 88% yield in 
just 5 minutes. 
Interestingly, when the reaction was held at -78 °C, and the iron was removed 
for the control reaction, in the presence of dinitrogen ligands we still produced the 
product in comparably high yields. Our next reaction involved eliminating the ligands. 
Surprisingly, this provided the desired product in quantitative yield (99%). We had 
discovered that the reaction proceeds smoothly and quickly at this specific 
temperature. While initially dismayed at the lack of a need for the iron-catalyst, we 
quickly realized the benefits of a transition-metal and ligand free, temperature 
controlled amination reaction. Thus we explored the scope and limitations of this 
reaction, and this is discussed further in Manuscript 2. 
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CHAPTER 2: MANUSCRIPT 1 
 
Manuscript 1 entitled, “Iron-Catalyzed Arylation of Heterocycles via Direct C-
H Activation” was published in Organic Letters in January 2014.  
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There is an increasing need in both the fine chemical and pharmaceutical 
industries for the development of new methods that easily provide substituted 
heterocycles. One of the methods that have been extensively explored for this function 
is the direct conversion of carbon−hydrogen (C−H) bonds into carbon−carbon (C−C) 
bonds.
1
 This process is considered a “green” synthetic pathway because it eliminates 
the prefunctionalization steps required in modern coupling reactions and, therefore, 
directly reduces time, expenses, and hazardous waste. In fact, the ACS Green 
Chemistry Roundtable described C−H functionalizations of heterocycles as the most 
desirable new reactions that could benefit the pharmaceutical industry.
2,3
 
For decades, precious metals, namely palladium, have been the primary 
catalysts used for both traditional coupling and C−H arylation reactions.4 Iron 
catalysts, which are readily available, cheap, and nontoxic, have been relatively 
unexplored for coupling reactions. However, new methods are emerging that suggest 
an important role for this transition metal in modern organic synthesis.
5
 Notably, 
Nakamura has recently developed an iron-catalyzed C−H arylation reaction.6 
Comparison of the metallic catalyst used in two similar methods for the direct C−H 
arylation of 2-phenylpyridine shows that the iron-catalyzed reaction proceeds at lower 
temperatures and is higher yielding and the catalyst is 22 times cheaper (Scheme 
2.1).
4b,6b,7
 Though the utility of iron-catalyzed C−H arylation reactions is apparent, the 
scope of these potentially transformative reactions has yet to be expanded to include 
the arylation of highly desired heterocycles, and the mechanism is still not fully 
18 
 
understood. Herein, we describe the ability to perform directed C−H arylations of 
heterocyclic substrates using cheap and nontoxic iron catalysts.  
Our initial studies commenced with the pyridine substrate shown in Table 2.1. 
Nakamaura’s conditions that were previously shown in Scheme 2.1 were not optimal, 
producing only a 67% yield (entry 3). Also in contrast to Nakamura’s work, the 
monoarylated product was exclusively obtained; the diarylated product was never 
observed for any of the reactions presented herein. Extended reaction times led to 
deterioration of the reaction’s yield, possibly as a consequence of reduction of the 
imine; on a few occasions, the corresponding amine was isolated as a minor product. 
Careful control of reaction conditions allowed for complete conversion in 15 
min. Notable difficulty arose with regards to the drop rate of the Grignard reagent and 
the stir rate of the reaction.
6b
 It appears that the size of the reaction vessel can also 
dramatically alter yield. Dropwise Grignard addition into small, narrow vials provided 
almost no reaction, with exclusive homocoupling of the Grignard reagent resulting in 
biphenyl formation. This is likely caused by a combination of small surface area for 
substrate reactivity and inadequate stir rates. Larger flasks (e.g., 35−50 mL round-
bottom flasks for a 0.55mmol reaction), providing more surface area, and high stir 
rates proved to be the best choice (see Supporting Information for details.)  
The reactions were very clean; the only compounds that could be observed by 
GCMS were the starting materials, the biaryl product and biphenyl, arising from 
homocoupling of the Grignard reagent. To minimize the aerobic iron-catalyzed 
homocoupling, an inert atmosphere and excess Grignard reagent were required.
8
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Additionally, we employed additives such as DMPU
9
 or KF
10
 which have been 
previously shown to minimize Grignard homocoupling. 
 
Scheme 2.1. Comparison of C−H Arylation Methods 
 
 
 
The best conversion was achieved with a catalyst/ligand ratio of 1:2 (Table 2.1, 
entry 2). As shown by Nakamura, 4,4′-di-tertbutyl bipyridine (dtbpy) appeared to be 
the optimal ligand (entries 2, 5, and 6). Interestingly, the use of FeF3·3H2O showed 
18% product formation, with no biphenyl present (entry 9); but the optimal catalyst 
was Fe(acac)3 (entries 7 and 8), so this was used for subsequent experiments. We 
ultimately chose to perform the reactions in the presence of the KF additive (entry 7) 
due to a slight suppression of the biphenyl byproduct.  
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Table 2.1 Optimization of Pyridine Arylation 
 
 
Entry Catalyst (loading) Ligand
a
 (loading) Additive % Conversion
b 
1 Fe(acac)3 
(20 mol %) 
dtbpy 
(20 mol %) 
DMPU 73 
2 Fe(acac)3 
(10 mol %) 
dtbpy 
(20 mol %) 
DMPU 90 
3 Fe(acac)3 
(10 mol %) 
dtbpy 
(10 mol %) 
DMPU 67 
4 Fe(acac)3 
(5 mol %) 
dtbpy 
(20 mol %) 
DMPU 58 
5 Fe(acac)3 
(10 mol %) 
bpy 
(20 mol %) 
DMPU 15 
6 Fe(acac)3 
(10 mol %) 
bphen 
(20 mol %) 
DMPU 37 
7 Fe(acac)3 
(10 mol %) 
dtbpy 
(20 mol %) 
KF 100 
8 Fe(acac)3 
(10 mol %) 
dtbpy 
(20 mol %) 
none 100 
9 FeF3·3H2O 
(10 mol %) 
dtbpy 
(20 mol %) 
KF 18 
10 FeF3·3H2O 
(10 mol %) 
dtbpy 
(20 mol %) 
KF 76 
11 Fe(acac)2 
(10 mol %) 
dtbpy 
(20 mol %) 
KF 7 
a
dtbpy = 4,4′-di-tert-butyl-2,2′-dipyridyl, bpy = 2,2'-bipyridine, bathophenanthroline. bAll 
reactions were performed on a 0.55 mmol substrate scale. Percent conversion based on GC 
analysis of product:starting material ratio. 
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Interestingly, an iron(II) catalyst was ineffective (entry 11). Future research 
efforts in our laboratory will be directed toward identifying the catalytic intermediates 
in this reaction, including the oxidation state of the iron in this process. Further 
screening of solvents and oxidants showed that our original choices, chlorobenzene 
and 1,2-dichloro-2-methylpropane, were optimal.  
When our optimized conditions were applied to the nonheterocyclic substrate 
derived from acetophenone, diarylated products were observed, as previously shown 
by Nakamura (not shown).
6
  
A screen of directing groups was performed (Table 2.2). Use of the para-
methoxyphenyl (PMP) directing group showed promising conversion (entry 3), but 
complete conversion was achieved using aniline derivatives (entry 1). Comparison of 
the imines derived from heterocyclic aldehydes and ketones (entries 1 and 4) showed 
drastic steric requirements for reaction conversion. Oxime ethers and alkyl imines 
completely inhibited the reaction (entries 2 and 5), possibly by strong coordination to 
the iron catalyst.  
Our optimized reaction conditions were then applied to a variety of 
heterocyclic substrates (Table 2.3). In most cases, the imine group could be easily 
hydrolyzed to the ketone.
11
 Several nitrogen-containing heterocyclic biaryls could 
only be isolated as imines (entries 1 and 3) because the hydrolysis of these compounds 
proved more difficult than expected, presumably due to protonation of the 
heterocycle’s basic nitrogen. For reactions that did not reach complete conversion, the 
isolated yields were reduced considerably due to difficult chromatographic 
separations. 
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Table 2.2. Directing Group Optimization 
  
 
Entry Substrate %  Conversion
a
 Isolated % Yield
b
 
 
 
1 
 
 
 
>99 
 
 
88 
 
 
2 
 
 
 
0 
 
 
- 
 
 
3 
 
 
 
39 
 
 
38 
 
 
4 
 
 
 
0 
 
 
- 
 
 
5 
 
 
 
0 
 
 
- 
a
All reactions were performed on a 0.55 mmol substrate scale. 
Conversion was calculated by subtracting Astarting material / Aproduct from 
100%, where Astarting material and Aproduct were calculated using the areas 
of the corresponding peaks in the gas chromatogram. 
b
Isolated yields 
obtained after flash chromatography. 
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Table 2.3: Substrate Scope 
 
Entry Product % Conversion
a
 Isolated % Yield
b
 
 
 
1 
 
 
 
>99 
 
 
88
c
 
 
 
2 
 
 
 
>99 
 
 
34 
 
 
3 
 
 
 
>99 
 
 
67 
 
 
4 
 
 
 
100 
 
 
25 
 
 
 
5 
 
 
 
 
 
0 
 
 
 
- 
 
 
6 
 
 
 
 
90 
 
 
52 
 
 
7 
 
 
 
 
100 
 
 
66 
 
 
8 
 
 
 
 
100 
 
 
15 
 
 
9 
 
 
 
 
100 
 
 
82 
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Table 2.3. (Continued) Substrate Scope 
 
Entry Product % Conversion
a
 Isolated % Yield
b
 
 
 
10 
 
 
 
 
50 
 
 
45 (91
d
) 
 
 
11 
 
 
 
 
 
0 
 
 
- 
a
All reactions were performed on a 0.55 mmol substrate scale. Conversion 
was calculated by subtracting Astarting material / Aproduct from 100%, where Astarting 
material and Aproduct were calculated using the areas of the corresponding peaks 
in the gas chromatogram. 
b
Isolated yields obtained after flash 
chromatography. 
c
Trace starting material detected by 1H NMR but not 
GC.
d
Based on recovered starting material 
 
 
The yields of the arylations were sterically dependent, and opposing trends 
were observed for pyridines, thiophenes, and furans. Comparison of sulfur-containing 
compounds shows that benzothiophene was less reactive than thiophene (entries 10 
and 9), and 3-methyl thiophene (entry 11) was completely nonreactive, indicating a 
decrease in reactivity with increasing steric hindrance.  
Analysis of the oxygen-containing heterocycles shows that conversions and 
yields increased with steric constraints (entries 6−8). Azole substrates appear to be 
more robust (entries 1−4). Notably, chlorinated pyridines can be readily substituted, 
allowing for subsequent functionalization (entry 3). A quinoline substrate was 
nonreactive (entry 5); however, this could be attributed to the aldehyde-derived 
directing group described in Table 2.2, entry 4. 
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Table 2.4. Grignard Reagent Scope 
 
 
Entry Product % Conversion
a
 Isolated % Yield
b
 
 
 
 
 
1 
 
 
 
 
 
 
100 
 
 
 
 
70 
 
 
 
 
 
2 
 
 
 
 
 
 
 
50 
 
 
 
 
32 
 
 
 
3 
 
 
 
95 
 
 
71 
 
 
 
4 
 
 
 
75 
 
 
63 
a
All reactions were performed on a 0.55 mmol substrate scale. Conversion was 
calculated by subtracting Astarting material / Aproduct from 100%, where Astarting material 
and Aproduct were calculated using the areas of the corresponding peaks in the 
gas chromatogram. 
b
Isolated yields obtained after flash chromatography. 
 
 
As the thiophene substrate provided the highest yields, it was used to generate 
a brief Grignard scope (Table 2.4). Halogen substituted aromatic Grignard reagents 
reduced the conversion and decreased the overall yield (entries 2 and 3). Electron 
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donating groups also appeared to slightly decrease the yield (entries 1 and 4). Methyl 
and cyclohexyl Grignard reagents afforded no reaction. The elucidation of the 
seemingly contradictory electronic and steric trends for this reaction will be the 
subject of future studies. 
In summary, we have shown that iron-catalyzed arylation via C−H bond 
activation can be successfully carried out on a variety of N-, S-, and O-containing 
heterocycles at 0 °C, over 15 min. Future work will involve insight into the reaction 
mechanism to provide further understanding and reaction control. 
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CHAPTER 3: MANUSCRIPT 2 
Manuscript 2 entitled, “Transition-Metal Free Carbon-Nitrogen Bond 
Formation Mediated by Low Temperatures” will be submitted to Tetrahedron Letters 
for publication in May 2015.   
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The formation of C-N bonds is essential for the synthesis of highly desirable 
pharmaceutical and biologically active targets. Current methods rely on transition 
metals such as palladium
1
 and rhodium.
2
 More recently the focus has shifted towards 
reagents that are more environmentally friendly and affordable catalysts like cobalt,
 3
 
copper,
4,5,6 
 and nickel.
7,8,9 
Recent advances have discovered transition metal free 
methods that also result in C-N bond formation.
10
 We report herein a fast and easy 
method for the formation of C-N bonds resulting in arylated tertiary amines.  
Considering our recent work involving iron and Grignard reagents to directly 
form carbon-carbon (C-C) bonds on various heterocycles,
11 
and the success of other 
transition metals accomplishing reactions of this type, we envisioned that iron-
catalyzed reactions could play a role in these mechanisms as well.  
Bolm and Correa have already demonstrated that iron can efficiently form 
Csp2-N bonds from aryl iodides and nucleophilic nitrogen sources.
12 
Our initial 
optimization focused on the coupling of N-chloroamines with phenylmagnesium 
bromide in an effort to form similar Csp2-N bonds in an Umpolung fashion. The 
variables investigated included the screening of iron catalysts, nitrogen and phosphine 
ligands, several additives, and a range of temperatures.  
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Scheme 3.1. Initial Optimization Outline 
 
Table 3.1. Optimization of Reaction Conditions
a
 
Entry Catalyst 
(10 mol %) 
Temp. 
(°C) 
Additive Isolated 
Yields  
1 FeCl2 0 None 36
b
 
2 Fe(SO4)3*H2O 0 None 62
b
 
3 Fe(C2O4)2*2H2O  0 None 40
b
 
4 FeF3*3H2O 0 None 46
b
 
5 Fe(NO3)3*9H2O 0 None 19
b
 
6 Fe(acac)3 0 None 46
b
 
7 None 0 None 49
b
 
8 Fe(acac)2 0 None 88
b
 
9 Fe(acac)2 0 None 47 
10 Fe(acac)2 0 LiCl 58 
11 Fe(acac)2 0 MgBr2 0 
12 Fe(acac)2 -40 None 79 
13 Fe(acac)2 -78 None 49
c
 
14 Fe(acac)2 -78 None 75 
15 Fe(acac)2 -78 None 74
d
 
16 Fe(acac)2 -78 dtbpy 77 
17 Fe(acac)2 -78 bpy 75 
18 Fe(acac)2 -78 phen 84 
19 Fe(acac)2 -78 binap 81 
20 Fe(acac)2 -78 dppbz 74 
21 None -78 phen 80 
22 None -78 None 99 
a.) reactions performed on a 1.00 mmol scale in 2.00 mL of 2-MeTHF using 
1.5 eq. of Grignard reagent b.) yields determined by GC-MS using dodecane as an 
internal standard. c.) 1.0 eq. Grignard reagent used. d.) 2.0 Grignard reagents used. 
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Our initial efforts to use iron catalysts appeared successful. Several iron salts 
were shown to produce the expected product in reasonable yields (entries 1-8). 
However attempts to isolate this product significantly decreased the yield (entry 9). 
Inorganic salts have been shown to promote the presumed transmetallation 
step.
 13
 In our case these were detrimental to the yield (entries 10 and 11), and in the 
case of MgBr2 completely shut off the reaction. Contrary to other’s reports throughout 
the process we detected chlorobenzene as a dominant byproduct as well as small 
amounts of biphenyl. In an attempt to minimize these side reactions we lowered the 
temperature and varied the equivalents of Grignard reagent used (entries 12-14). We 
found that with 1.5 equivalents of Grignard reagent at -78 °C the reaction afforded a 
75% yield. With these optimized conditions we attempted to investigate the substrate 
scope. Unfortunately the Fe(acac)2 catalyzed reactions performed on other substrates 
showed a significant decrease in yield (Figure 1: 3b and 3g), and other metals, CoBr2 
and Cu(OTf)2, were detrimental (3b and 3c).  
Not satisfied with these results, we screened several ligands hoping to increase 
our yield further (entries 16-20). Introducing dinitrogen ligands had a small beneficial 
effect on the reaction (entries 16-20). However we were aware that these reactants 
could successfully couple in the presence of these dinitrogen bases without any 
catalyst,
 10 
 although those reactions were performed at -40 °C and required several 
hours for completion. Removing the iron as a control afforded the product in near-
equal yields (entry 21). This was discouraging; but we quickly realized that the ligand 
itself was also not necessary for the reaction to occur (entry 22). This has been 
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demonstrated previously by Knochel
14
 at -45 °C, however he suggested limitations to 
the reaction scope and that this was only applicable to benzylic N-chloroamines. 
Transition metal free reactions were performed at several temperatures (Table 
3.2). The decrease in temperature showed a steady increase in product formation, as 
well as a decrease in overall byproducts.  
 
Table 3.2. Effect of Temperature on C-N Bond Formation 
 
Temperature (°C) Yield 3a Yield 4 3a : 4 
22 48 55 0.9 
0 59 30 2.0 
-21 77 35 2.2 
-41 86 36 2.4 
-78 87 29 3.0 
 
The results of our extensive optimization showed that N-chloroamines and aryl 
Grignard reagents readily couple between -40 and -78 °C with no need for additives or 
catalysts. The coupling does occur at room temperature. However the resulting 
biphenyl, from the homo-coupled Grignard reagent, as well as chlorobenzene from 
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chlorinated Grignard reagent are present in high amounts. Prolonged reaction times 
had no immediate affect and eventually resulted in product decomposition. 
2-methyl tetrahydrofuran (2-MeTHF) was used as the primary solvent. Since 
the yields achieved from our reactions are comparable to that performed in THF. We 
chose this as it originates from a renewable source. Unfortunately, further attempts to 
expand the reaction to other amines beyond morpholine, and a variety of substituted 
Grignard reagents, still resulted in low yields (Scheme 3.2).  
Only the original N-phenylmorpholine product (1a) showed high yields. The 
mesitylmorpholine (3d) and o-methylmorpholine (3e) reactions showed only trace 
amounts of products detected by NMR spectroscopy. The diarylated product (3f) was 
also respectable since the reaction must have occurred twice.  
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Scheme 3.2. Reaction Scope 
 
 
Despite these poor results, we are still comfortable with these established 
baseline yields for directly reacting N-chloroamines with aryl Grignard reagents. The 
reactions run smoothly and are complete upon the drop-wise addition of the Grignard 
reagent (<5 minutes). We hope that this works serves as a cautionary example to be 
considered when testing for presumed catalytic activity in future systems. Future work 
will investigate the mechanism governing these reactions. Further efforts to use other 
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organometallic reagents, like organolithium or organozinc species, will be performed 
as well as expansion of this reaction to include alkyl Grignards and amines.  
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CHAPTER 4: EXPERIMENTAL SECTION MANUSCRIPT 1 
Instrumentation: 
GC/MS analysis was carried out on an Agilent Technologies 6890 GC system fixed 
with a 5973 mass selective detector. GC/MS Conditions: J & W Scientific DB-1, 
capillary 25.0m x 200µm x 0.33µm, 1.3 mL/min, 40 °C, hold 0.50 min, 12 °C/min to 
320 °C, hold 6.0 min. NMR spectra were acquired with a Bruker Avance 300 MHz 
spectrometer.  
General Synthesis of Imines 
To an oven dried 50 mL RBF with stir bar was added 5 g of 3 Å molecular 
sieves and 12.00 mL of toluene. The system was sealed with a rubber septum and 
flushed with N2. The amine (2.5 mmol) and heterocyclic ketone (2.3 mmol) were 
added successively via syringe. The reaction was stirred at 100 °C for 4 hrs, then 
cooled to room temp. The mixture was filtered through Celite, and the filtrate was 
concentrated in vacuo. The crude residue was purified by column chromatography 
(9:1 Hexanes:EtOAc). 
Representative Procedure for Arylation of N-Heterocyclic Imines: 
To an oven dried 35 mL RBF with stir bar was added the imine ( 0.55 mmol), 
dtbpy (0.0303 g, 0.11 mmol) KF (0.0064 g, 0.11 mmol), 2.00 mL of chlorobenzene, 
and 0.55 mL of 0.10 M Fe(acac)3 in THF. The solution was stirred at room 
temperature for 5 minutes while being flushed with N2 and evacuated 3x. The RBF 
was degassed by sonication for 15 minutes, and then transferred to an ice/H2O bath for 
15 minutes under N2. The 1,2-dichloroisobutane (0.13 mL, 1.10 mmol) was added and 
the system was again purged with N2 / evacuated 3x. Then 1.0 M PhMgBr (3.30 mL, 
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3.30 mmol) was added dropwise over 15 minutes. The reaction was then removed 
from ice and warmed to room temperature. The solution was diluted with EtOAc and 
extracted 3x with 25 mL DI H2O to remove iron. The organic layer was dried over 
MgSO4, filtered, and concentrated in vacuo. The crude residue was purified by column 
chromatography. 
Representative Procedure for Arylation and in situ Hydrolysis of N-Heterocyclic 
Imines: 
To an oven dried 35 mL RBF with stir bar was added the imine ( 0.55 mmol), 
dtbpy (0.0303 g, 0.11 mmol) KF (0.0064 g, 0.11 mmol), 2.00 mL of chlorobenzene, 
and 0.55 mL of 0.10 M Fe(acac)3 in THF. The solution was stirred at room 
temperature for 5 minutes while being flushed with N2 and evacuated 3x. The RBF 
was degassed by sonication for 15 minutes, and then transferred to an ice/H2O bath for 
15 minutes under N2. The 1,2-dichloroisobutane (0.13 mL, 1.10 mmol) was added and 
the system was again purged with N2 / evacuated 3x. Then 1.0 M PhMgBr (3.30 mL, 
3.30 mmol) was added dropwise over 15 minutes. The reaction was then removed 
from ice and warmed to room temperature. The reaction was then removed from ice 
and warmed to room temperature. 10 mL of EtOAc, 10 mL of H20 and 3.00 mL of 
6.00 M HCl were added successively. The reaction was stirred at 45 °C overnight. The 
mixture was extracted 3x with EtOAc. The organic layer was dried over MgSO4, 
filtered, and concentrated in vacuo. The crude residue was purified by column 
chromatography. 
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Representative Procedure for Arylation and in situ Hydrolysis of S- and O- 
Heterocyclic Imines: 
To an oven dried 35 mL RBF with stir bar was added the imine (0.55 mmol), 
dtbpy (0.0303 g, 0.11 mmol) KF (0.0064 g, 1.10 mmol), 2.00 mL of chlorobenzene, 
and 0.55 mL of 0.10 M Fe(acac)3 in THF. The solution was stirred at room 
temperature for 5 minutes while being flushed with N2 and evacuated 3x. The RBF 
was degassed by sonication for 15 minutes, and then transferred to an ice/H2O bath for 
15 minutes under N2. The 1,2-dichloroisobutane (0.13 mL, 1.10 mmol) was added, 
and the system was again purged with N2 / evacuated 3x. Then 1.0 M PhMgBr (3.30 
mL, 3.30 mmol) was added dropwise over 15 minutes. The reaction was then removed 
from ice and warmed to room temperature. 10 mL of EtOAc, 10 mL of H20 and 3.00 
mL of 3.00 M HCl were added successively. The reaction was stirred at room 
temperature overnight. The mixture was extracted 3x with EtOAc. The organic layer 
was dried over MgSO4, filtered, and concentrated in vacuo. The crude residue was 
purified by column chromatography. 
Representative Procedure of Arylation and in situ Hydrolysis of Thiophene 
Imines: 
To an oven dried 35 mL RBF with stir bar was added the imine (0.55 mmol), 
dtbpy (0.0303 g, 0.11 mmol) KF (0.0064 g, 0.11 mmol), 2.00 mL of chlorobenzene, 
and 0.55 mL of 0.10 M Fe(acac)3 in THF. The solution was stirred at room 
temperature for 5 minutes while being flushed with N2 and evacuated 3x. The RBF 
was degassed by sonication for 15 minutes, and then transferred to an ice/H2O bath for 
15 minutes under N2. The 1,2-dichloroisobutane (0.13 mL, 1.10 mmol) was added, 
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and the system was again purged with N2 / evacuated 3x. The Grignard reagent (1.0 
M) was added dropwise over 15 minutes. The reaction was then removed from ice and 
warmed to room temperature. 10mL of EtOAc, 10 mL of H20 and 3.00 mL of 3.00 M 
HCl were added successively. The reaction was stirred at room temperature overnight. 
The mixture was extracted 3x with EtOAc. The organic layer was dried over MgSO4, 
filtered, and concentrated in vacuo. The crude residue was purified by column 
chromatography. 
Reaction Vessel Size Comparison: 
Analysis of various reaction vessel sizes was performed using gas 
chromatography. The percent composition of each compound at the end of the 15 
minute reaction was obtained, and a ratio of the biphenyl byproduct to the desired 
arylated product is shown. Narrow reaction vessels such as vials and Schlenk tubes 
showed a large biphenyl:product ratio.  Wide, round bottom flasks showed significant 
product formation with comparative efficiency relative to vials and Schlenk tubes; 35 
mL RBF’s were shown to be the best. 
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Table 4.1. Comparison of Reaction Vessel Sizes 
 
Vessel % Ph-Ph  %  Starting 
Material 
%  
Product 
Ph-Ph : Product 
11 mL vial 66.4 27.5 6.1 10.9 
11 mL vial 67.2 30.7 2.1 32.0 
25 mL 
Schlenk Tube 
74.5 19.5 6.0 12.4 
25 mL RBF 70.6 18.3 11.1 6.4 
35 mL RBF 40.3 0.0 59.6 0.7 
50 mL RBF 54.7 9.5 35.8 1.5 
50 mL RBF 50.5 25.2 24.3 2.1 
100 mL RBF 71.2 5.7 23.1 3.1 
 
 
Characterization of Compounds: 
Known compounds were obtained by the procedures above and characterized 
via NMR spectroscopy; A 
1
H spectrum was provided for each compound and the 
relevant reference was cited. All novel compounds obtained have been characterized 
with 
1
H NMR, 
13
C NMR, and Mass Spectroscopy. 
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Characterization of (1)
1
 
1
H NMR (300 MHz, CDCl3): δ 8.74 (d, J=6.45 Hz, 2H), (dd, J=6.20, 1.62 Hz, 2H), 
7.38 (t, J=7.95 Hz, 2H), 7.13 (t, J=7.95 Hz, 1H), 6.79 (d, J=7.50 Hz, 2H), 2.24 (s, 3H) 
Figure 4.1. 
1
H NMR of Compound 1 
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Characterization of (2) 
1
H NMR (300 MHz, CDCl3): δ 8.69 (d, J=6.72 Hz, 2H) 7.49 (m, 6H), 7.34 (t, J=7.27 
Hz, 2H), 7.10 (t, J=6.72 Hz, 1H), 6.75 (t, J=7.77 Hz, 2H), 1.69 (s, 3H) 
13
C NMR (75 MHz, CDCl3): δ 169.12, 150.62, 150.29, 149.00, 137.46, 129.13, 
129.09, 128.80, 128.72 128.47, 128.27, 123.95, 120.61, 119.02, 20.69 
LRMS EI (m/z): [M+] calc’d for 272.13, observed 272.10 (m/z) 
 
Figure 4.2. 
1
H NMR of Compound 2 
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Figure 4.3. 
13
C NMR of Compound 2 
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Characterization of (3) 
1
H NMR (300 MHz, CDCl3): δ 8.8 (d, J=6.88 Hz, 2H), 8.19 (d, J=6.88 Hz, 2H), 4.15 
(s, 3H), 2.30 (s, 3H) 
13
C NMR (75 MHz, CDCl3): δ 152.67, 149.66, 140.78, 122.78, 63.66, 11.45 
LRMS EI (m/z): [M+] calc’d for 150.08, observed 150.05 (m/z) 
 
 
Figure 4.4. 
1
H NMR of Compound 3 
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 Figure 4.5. 
13
CNMR of Compound 3 
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Characterization (4)
2
 
1
H NMR (300 MHz, CDCl3): δ 8.72 (d, J=6.26 Hz, 2H), 7.80 (d, J=6.26 Hz, 2H), 
6.93 (d, J=8.90 Hz, 2H), 6.77 (d, J=8.71 Hz, 2H), 3.83 (s, 3H), 2.27 (s, 3H) 
 
Figure 4.6. 
1
H NMR of Compound 4 
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Characterization of (5)
3
 
1
H NMR (300 MHz, CDCl3): δ  8.76 (d, J=6.11 Hz, 2H), 8.46 (s, 1H), 7.75 (d, 
J=6.19 Hz, 2H), 7.43 (t, J=7.20 Hz, 2H), 7.32-7.22 (m, 3H) 
 
Figure 4.7. 
1
H NMR of Compound 5 
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Characterization of (6) 
1
H NMR (300 MHz, CDCl3): δ 8.66 (d, J=6.08 Hz, 2H), 7.72 (d, J=6.12 Hz, 2H), 
7.46-7.30 (m, 5H), 4.76 (s, 2H), 2.34 (s, 3H) 
13
C NMR (75 MHz, CDCl3): δ 164.08, 150.14, 147.61, 139.84, 128.51, 127.69, 
126.83, 120.91, 56.02, 15.53 
LRMS EI (m/z): [M+] calc’d for 210.12, observed 210.10 (m/z) 
 
Figure 4.8. 
1
H NMR of Compound 6 
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Figure 4.9. 
13
C NMR of Compound 6 
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Characterization of (7) 
1
H NMR (300 MHz, CDCl3): δ 8.71 (s, 2H), 7.41 (m, 6H), 2.05 (s, 3H) 
13
C NMR (75 MHz, CDCl3): δ 203.23, 150.96, 149.20, 145.80, 136.69, 134.10, 
129.05, 128.95, 128.69, 120.59, 30.13  
LRMS EI (m/z): [M+] calc’d for 197.08, observed 197.00 (m/z) 
 
 
Figure 4.10. 
1
H NMR of Compound 7 
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Figure 4.11. 
13
C NMR of Compound 7 
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Characterization of (8) 
1
H NMR (300 MHz, CDCl3): δ 8.44 (s, 1H), 7.54 (s, 1H), 7.48 (m, 5H), 7.35 (t, 
J=7.94 Hz, 2H), 7.10 (t, J=7.98 Hz, 1H), 6.74 (d, J=7.95 Hz, 2H), 1.66 (s, 3H) 
13
C NMR (75 MHz, CDCl3): δ 167.89, 151.12, 150.78, 150.39, 149.85, 136.22, 
133.83, 129.14, 129.00, 128.93, 128.60, 124.20, 122.60, 118.95, 20.48 
LRMS EI (m/z): [M+] calc’d for 306.09, observed 306.10 (m/z)  
 Figure 4.12. 
1
H NMR of Compound 8 
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Figure 4.13. 
13
C NMR of Compound 8 
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Characterization of (9)
4
 
1
H NMR (300 MHz, CDCl3): δ 9.27 (s, 1H), 9.07 (s, 1H), 8.10 (dd, J=7.66 Hz, 4.23, 
2H), 7.60-7.50 (m, 3H), 2.75 (s, 3H) 
 
Figure 4.14. 
1
H NMR of Compound 9 
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Characterization of (11)
5 
1
H NMR (300 MHz, CDCl3): δ 7.63-7.44 (m, 8H), 7.31 (t, J=7.0 Hz, 1H), 2.48 (s, 
3H) 
 
Figure 4.15. 
1
H NMR of Compound 11 
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Characterization of (12)
6
 
1
H NMR (300 MHz, CDCl3): δ 7.59 (dd, J= 8.05, 1.80 Hz, 2H), 7.43-7.31 (m, 3H), 
2.41 (s, 3H), 2.38 (s, 3H) 
 
Figure 4.16. 
1
H NMR of Compound 12 
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Characterization of (13)
7
 
1
H NMR (300 MHz, CDCl3): δ 7.62 (dd, J=8.17, 1.87 Hz, 2H), 7.54 (d, J=1.57 Hz, 
1H), 7.45-7.36 (m, 3H), 6.65 (d, J=1.61 Hz, 1H), 2.46 (s, 3H) 
 
Figure 4.17. 
1
H NMR of Compound 13 
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Characterization of (14)
8
 
1
H NMR (300 MHz, CDCl3): δ 7.53 (d, J=5.04 Hz, 1H), 7.46-7.32 (m, 5H), 7.03 (d, 
J=5.08 Hz, 1H), 2.13 (s, 3H) 
 
Figure 4.18. 
1
H NMR of Compound 14 
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Characterization of (15)
9
 
1
H NMR (300 MHz, CDCl3): δ 7.87 (d, J=8.62 Hz, 1H), 7.54-7.30 (m, 8H), 2.09 (s, 
3H) 
 
Figure 4.19. 
1
H NMR of Compound 15 
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Characterization of (17)
10
 
1
H NMR (300 MHz, CDCl3): δ 7.47 (t, J=5.13 Hz, 2H), 7.34 (t, J=8.14 Hz, 2H), 7.09 
(t, J=5.45 Hz, 2H), 6.82 (d, J=8.14 Hz, 2H), 2.24 (s, 3H) 
 
Figure 4.20. 
1
H NMR of Compound 17 
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Characterization of (18) 
1
H NMR (300 MHz, (CD3)2CO): δ 7.53 (d, J=5.0 Hz, 1 H), 7.27(d, J=8.5 Hz, 2 H), 
7.23(d, J=8.4 Hz, 2 H), 7.03 (d, J=5.0 Hz, 1 H), 2.41 (s, 3 H), 2.15 (s, 3 H) 
13
C NMR (75 MHz, (CD3)2CO): δ 191.81, 147.50, 140.59, 138.89, 134.55, 132.94, 
132.09, 129.89, 128.79 29.36. 21.25 
IR: 3017,2914, 2359, 2342, 1650, 1498, 1398 cm
-1
 
LRMS EI (m/z): [M+] calc’d for 216.06, observed: 216.10 (m/z) 
 
Figure 4.21. 
1
H NMR of Compound 18 
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Figure 4.22. 
13
C NMR of Compound 18 
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Characterization of (19) 
1
H NMR (300 MHz, CDCl3): δ 7.56 (d, J=12.0 Hz, 1 H), 7.34-7.40 (m, 2 H), 7.09-
7.17 (m, 2 H) 7.04 (d, J=12.0 Hz, 1 H), 2.18-2.21 (s, 3 H)  
13
C NMR (75 MHz, CDCl3): δ 191.70, 162.76 (d, JC-F = 246), 145.65, 139.53, 
132.02, 130.94 (JC-F =4.9), 130.80, 128.59, 115.40 (JC-F = 21.3), 29.37 
 IR: 3099, 3074, 3026, 2919, 2858, 1673, 1648, 1614, 1531, 1498 cm
-1
 
LRMS EI (m/z): [M+] calc’d for C12H9FOS 220.04, observed 220.10 (m/z) 
 
Figure 4.23. 
1
H NMR of Compound 19 
* trace impurity, most likely from starting material. 
* 
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 Figure 4.24. 
13
C NMR of Compound 19 
 
 
 
 
 
 
 
 
 
 
 
 
19 
67 
 
Characterization of (20) 
1
H NMR (300 MHz, CDCl3): δ 7.56 (d, J=5.0 Hz, 1 H), 7.35-720 (m, 4 H), 6.91-6.96 
(d, J=5.0 Hz, 1 H), 2.15 (s, 3 H) 
13
C NMR (75 MHz, CDCl3): δ 191.53, 145.39, 139.46, 134.79, 134.39, 131.90, 131.07, 
130.49, 128.59, 29.45. 
IR: 3100, 2998, 3033, 2957, 2922, 2360, 1671, 1649, 1595, 1566, 1479, 1373 cm
-1
 
LRMS EI (m/z): [M+] calc’d for C12H9OSCl: 236.01, observed 236.00 (m/z) 
 
Figure 4.25. 
1
H NMR of Compound 20 
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 Figure 4.26. 
13
C NMR of Compound 20 
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Characterization of (21)
11
 
1
H NMR (300 MHz, CDCl3): δ 7.53 (d, J=5.10 Hz, 1H), 7.31 (d, J=8.82 Hz, 2H), 
7.03 (d, J=5.02 Hz, 1H), 6.99-6.93 (m, 2H), 3.86 (s, 3H), 2.17 (s, 3H) 
 
Figure 4.27. 
1
H NMR of Compound 21 
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Characterization of (22) 
1
H NMR (300 MHz, CDCl3): δ 8.49 (d, J=5.43 Hz, 1H), 7.86 (s, 1H), 7.74 (d, J=4.68 
Hz, 1H), 7.39 (t, J=7.69 Hz, 2H), 7.14 (t, J=7.55 Hz, 1H), 6.78 (d, J=7.90 Hz, 2H), 
2.23 (s, 3H) 
13
C NMR (75 MHz, CDCl3): δ 162.74, 152.39, 150.34, 150.13, 149.33, 129.15, 
124.21, 122.09, 119.98, 118.97, 17.17 
LRMS EI (m/z): [M+] calc’d for 230.06, observed 230.00 (m/z) 
 
Figure 4.28. 
1
H NMR of Compound 22 
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Figure 4.29. 
13
C NMR of Compound 22 
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Characterization of (23)
12 
1
H NMR (300 MHz, CDCl3): δ 7.88-7.77 (m, 2H), 7.70 (s, 1H), 7.42-7.30 (m, 4H), 
7.11 (t, J=7.29 Hz, 1H), 6.85 (d, J=7.29 Hz, 2H), 2.32 (s, 3H) 
 
Figure 4.30. 
1
H NMR of Compound 23 
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Characterization of (24) 
1
H NMR (300 MHz, CDCl3): δ 7.88-7.78 (m, 2H), 7.72 (s, 1H), 7.43-7.33 (m, 4H), 
7.12 (t, J=7.40 Hz, 1H), 6.86 (dd, J=8.22, 1.16 Hz, 2H), 2.33 (s, 3H) 
13
C NMR (75 MHz, CDCl3): δ 160.98, 150.30, 146.58, 141.41, 139.74, 128.90, 
126.06, 125.63, 124.63, 124.45, 123.82, 122.62, 119.92, 17.19 
LRMS EI (m/z): [M+] calc’d for 251.08, observed 251.10 (m/z) 
 
 
 
Figure 4.31. 
1
H NMR of Compound 24 
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Figure 4.32. 
13
C NMR of Compound 24 
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Characterization of (25) 
1
H NMR (300 MHz, CDCl3): δ 9.49 (d, J=1.56 Hz, 1H), 8.64-8.59 (m, 2H), 7.39 (t, 
J=7.64 Hz, 2H), 7.17 (t, J=6.55 Hz, 1H), 6.84 (dd, J=8.54, 1.28 Hz, 2H), 2.34 (s, 3H) 
13
C NMR (75 MHz, CDCl3): δ 165.84, 151.44, 150.57, 145.14, 143.77, 142.89, 
129.04, 124.04, 119.17, 16.05 
LRMS EI (m/z): [M+] calc’d for 197.10, observed 197.10 (m/z) 
 
 
Figure 4.33. 
1
H NMR of Compound 25 
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 Figure 4.34. 
13
C NMR of Compound 25 
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Characterization of (26) 
1
H NMR (300 MHz, CDCl3): δ 7.31 (t, J=7.92 Hz, 2H), 7.06 (t, J=7.47, 1H), 6.82 
(dd, J=5.32, 1.63 Hz, 3H), 6.11 (d, J=3.20 Hz, 1H), 2.40 (s, 3H), 2.08 (s, 3H) 
13
C NMR (75 MHz, CDCl3): δ 156.10, 155.62, 152.01, 128.76, 123.30, 120.03, 
115.04, 108.17, 16.35, 14.02 
LRMS EI (m/z): [M+] calc’d for 199.10, observed 199.10 (m/z) 
 
 
 
Figure 4.35. 
1
H NMR of Compound 26 
26 
78 
 
 
Figure 4.36. 
13
C NMR of Compound 26 
 
 
 
 
 
 
 
 
 
 
 
26 
79 
 
Characterization of (27)
13
 
1
H NMR (300 MHz, CDCl3): δ 7.57 (d, J=1.29 Hz, 1H), 7.34 (t, J=7.38 Hz, 2H), 
7.09 (t, J=7.28 Hz, 1H), 6.95 (d, J=3.85 Hz, 1H), 6.83 (d, J=7.38 Hz, 2H), 6.53 (dd, 
J=3.40, 1.77 Hz, 1H), 2.15 (s, 3H) 
 
Figure 4.37. 
1
H NMR of Compound 27 
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Characterization of (28) 
1
H NMR (300 MHz, CDCl3): δ 7.32 (t, J=7.41 Hz, 2H), 7.29 (d, J=1.0 Hz, 1H), 7.07 
(t, J=7.49 Hz, 2H), 7.03 (s, 1H), 6.80 (d, J=7.29 Hz, 2H), 2.28 (s, 3H), 2.19 (s, 3H) 
13
C NMR (75 MHz, CDCl3): δ 160.31, 150.62, 145.94, 138.01, 130.78, 128.83, 
125.38, 123.45, 120.02, 17.39, 15.79 
LRMS EI (m/z): [M+] calc’d for 215.08, observed 215.00 (m/z) 
 
Figure 4.38. 
1
H NMR of Compound 28 
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 Figure 4.39. 
13
C NMR of Compound 28 
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Characterization of (29)
14
 
1
H NMR (300 MHz, CDCl3): δ 9.12 (s, 1H), 9.07 (d, J=4.55 Hz, 1H), 8.87 (d, J=8.54 
Hz, 1H), 8.21 (d, J=8.74 Hz, 1H), 7.94 (d, J=4.53 Hz, 1H), 7.83-7.76 (ddd, J=8.38, 
6.98, 1.49 Hz, 1H), 7.73-7.64 (ddd, J=8.40, 6.98, 1.45 Hz, 1H), 7.51-7.42 (t, J=7.88 
Hz, 2H), 7.36-7.29 (m, 3H) 
 
Figure 4.40. 
13
C NMR of Compound 29 
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CHAPTER 5: EXPERIMENTAL FOR MANUSCRIPT 2 
General Procedure for the synthesis of N-chloroamines: To an oven dried 100 mL 
round bottom flask with a stir bar is added 5.00mL (1 eq.) of the amine and cooled to 
0 °C followed by the addition of aqueous 4% NaOCl (2 eq.). The reaction is stirred for 
5 minutes, then brought to room temperature and extraction with diethyl ether (3x) 
followed by a DI water wash (3x), and a brine wash (1x). The organic layer was dried 
over sodium sulfate, filtered, and concentrated in vacuo. The resulting oil is used as 
obtained after NMR characterization and purity analysis.   
 
General Procedure for the formation of C– N Bonds: To an oven dried 50 mL 
round bottom flask is added the chloroamine (1.00 mmol) and 2.00 mL of 2-
methyltetrahydrofuran. The system is sealed with a rubber septum, flushed with 
nitrogen, and cooled to the desired temperature. Grignard reagent (1.10 mmol) is 
added dropwise via syringe through the septum. The system is then brought to room 
temperature and purified by column chromatography. 
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Characterization of 4-chloromorpholine
1
 
1
H NMR (300 MHz, CDCl3): δ 3.67 (br s, 4H), 3.10 (br s, 4H) 
13
C NMR( 75MHz, CDCl3): δ 67.48, 62.81 
LRMS EI (m/z): [M+] calc’d for 121.029, observed 121.00 (m/z) 
 
 
Figure 5.1. 
1
H NMR of 4-chloromorpholine 
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Figure 5.2. 
13
C NMR of 4-chloromorpholine 
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Characterization of 4-chloropiperidine
1
 
1
H NMR (300 MHz, CDCl3): δ 3.14 (br s, 4H), 1.80-1.60 (m, 4H) 1.47 (br s, 2H) 
13
C NMR( 75MHz, CDCl3): δ 63.90, 27.56, 22.93 
LRMS EI (m/z): [M+] calc’d for 119.050, observed 119.100 (m/z) 
 
Figure 5.3. 
1
H NMR of 4-chloropiperidine 
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Figure 5.4. 
13
C NMR of 4-chloropiperidine 
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Characterization of 1,4-dichloropiperazine
2
 
1
H NMR (300 MHz, CDCl3): δ 3.22 (br s, 8H) 
LRMS EI (m/z): [M+] calc’d for 154.006, observed 154.00 (m/z) 
 
 
Figure 5.5. 
1
H NMR of 1,4-dichloropiperazine 
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Characterization of 4-phenylmorpholine
3 
1
H NMR (300 MHz, CDCl3): δ 7.26-7.16 (m, 2H), 6.91-6.77 (m, 3H), 3.79 (t, 4H, 
J=4.9), 3.09 (t, 4H, J=4.9) 
13
C NMR( 75MHz, CDCl3): δ 151.23, 129.22, 120.15, 115.78, 66.94, 49.43 
LRMS EI (m/z): [M+] calc’d for 163.100, observed 163.200 (m/z) 
 
Figure 5.6. 
1
H NMR of 4-phenylmorpholine 
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Figure 5.7. 
13
C NMR of 4-phenylmorpholine 
 
 
 
 
 
 
 
 
 
 
 
93 
 
Characterization of 4-(4-methylphenyl)-morpholine
4
 
1
H NMR (300 MHz, CDCl3): δ 7.02 (d, 2H, J = 8.5) 6.78 (d, 2H, J = 8.5) 3.78 (t, 4H, 
J = 4.67) 3.03 (t, 4H, J = 4.79) 2.20 (s, 3H) 
13
C NMR( 75MHz, CDCl3): δ 148.70, 129.79, 116.34, 115.17, 66.82, 50.25, 20.48 
LRMS EI (m/z): [M+] calc’d for 177.115, observed 177.100 (m/z) 
 
 
Figure 5.8. 
1
H NMR of 4-(4-methylphenyl)-morpholine 
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Figure 5.9. 
13
C NMR of 4-(4-methylphenyl)-morpholine 
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Characterization of 4-(4-methoxyphenyl)-morpholine
5
 
1
H NMR (300 MHz, CDCl3): δ 6.98-6.83 (m, 4H) 3.88 (t, 4H, J = 4.62), 3.79 (s, 3H), 
3.08 (t, 4H, J = 4.88) 
13
C NMR( 75MHz, CDCl3): δ153.99, 145.65, 117.82, 114.53, 67.04, 55.58, 50.84 
LRMS EI (m/z): [M+] calc’d for 193.110, observed 193.100 (m/z) 
 
 
Figure 5.10. 
1
H NMR of 4-(4-methoxyphenyl)-morpholine 
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Figure 5.11. 
13
C NMR of 4-(4-methoxyphenyl)-morpholine 
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Characterization of 4-(4-methylphenyl)-piperidine
6
 
1
H NMR (300 MHz, CDCl3): δ 7.05 (d, 2H, J = 8.4) 6.85 (d, 2H, J = 8.4) 3.09 (t, 4H, 
J = 5.4) 2.26 (s, 3H) 1.75-1.65 (m, 4H), 1.59-1.49 (m, 2H) 
13
C NMR( 75MHz, CDCl3): δ 150.27, 129.49, 128.70, 116.94, 51.31, 25.95, 24.29, 
20.41 
LRMS EI (m/z): [M+] calc’d for 175.136, observed 175.200 (m/z) 
 
Figure 5.12. 
1
H NMR of 4-(4-methylphenyl)-piperidine 
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Figure 5.13. 
13
C NMR of 4-(4-methylphenyl)-piperidine 
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Characterization of 4-(4-methoxyphenyl)-piperidine
7
 
1
H NMR (300 MHz, CDCl3): δ 6.94-6.89 (m, 2H) 6.86-6.79 (m, 2H) 3.76 (s, 3H) 
3.02 (t, 4H, J = 5.4) 1.77-1.67 (m, 4H), 1.59-1.48 (m, 4H) 
13
C NMR( 75MHz, CDCl3): δ 153.53, 146.91, 118.75, 114.29, 55.55, 52.31, 26.13, 
24.18 
LRMS EI (m/z): [M+] calc’d for 191.31, observed 191.200 (m/z) 
 
Figure 5.14. 
1
H NMR of 4-(4-methoxyphenyl)-piperidine 
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Figure 5.15. 
13
C NMR of 4-(4-methoxyphenyl)-piperidine 
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Characterization of 1,4-diphenylpiperazine
2
 
1
H NMR (300 MHz, CDCl3): δ 7.38 (t, 4H, J = 8.0), 7.07 (d, 4H, J = 8.2), 6.98 (t, 2H, 
J = 7.16), 3.42 (s, 8H) 
13
C NMR( 75MHz, CDCl3): δ 151.32, 129.27, 129.19, 120.13, 116.42, 49.48 
LRMS EI (m/z): [M+] calc’d for 238.147, observed 238.100 (m/z) 
 
 
Figure 5.16. 
1
H NMR of 1,4-diphenylpiperazine 
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Figure 5.17. 
13
C NMR of 1,4-diphenylpiperazine 
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APPENDIX A: Mechanism of Main Reaction in Manuscript 1 
 
We propose the above mechanism to explain our iron-catalyzed reactions. The 
first step involves reduction of the Fe(III) to Fe(I)-Ar using three equivalents of 
Grignard reagent. This is followed by coordination between the lone pair on the imine 
nitrogen and the iron species. Oxidative addition and subsequent reductive elimination 
yields the desired product and a reactive iron hydride. We have experimentally 
determined trace amounts of a reduced imine byproduct that supports the generation of 
this iron hydride. This Fe(I) species is then oxidized using 1,2-dicholoroisobutane 
followed by a ligand exchange to regenerate the active Fe(I)-Ar. This accounts for the 
observed biaryl formation and need for excess Grignard reagents. We envision another 
possible pathway going directly from the Fe(I) hydride to the Fe(I)-Ar. If this could be 
optimized the need for an oxidant and 3 equivalents of Grignard reagent can be 
eliminated. 
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APPENDIX B: Possible Pathways for Main Reaction in Manuscript 2 
 
 
 
The reaction of chloroamines and Grignard reagents can result in two different 
major products depending on the temperature of the reaction. At higher temperatures 
the chloramines act as an electrophilic source of chlorine; while at lower temperatures 
(pathway b) the same reagent acts as an electrophilic source of nitrogen. This can be 
explained by a Curtin-Hammett relationship, in which the reaction rates are 
temperature dependent, and one mechanism (pathway a) will slow down significantly 
more than the competing mechanism as a function of a temperature (pathway b). The 
results from the above experiments listed in Manuscript 2 support the proposed 
reaction pathways that proceed via both polung and umpolung reactivity.  
